Background: Currently, it is not clear how osteoclasts and foreign body giant cells (FBGCs) are differentially regulated. Results: Inflammatory cytokines and infection mimetics activated osteoclastogenesis and inhibited FBGC formation, as indicated by M1/M2 macrophage polarization, in an IRAK4-dependent manner. Conclusion: Osteoclasts and FBGCs are reciprocally regulated by IRAK4. Significance: This study provides a basis for understanding regulation of foreign body reactions via IRAK4.
ical device (1) . Inflammation and infection are primary factors underlying implant failure (2, 3) , often with disastrous consequences for device function and the patient. Thus preventing these failures is crucial for patients' well being.
A foreign body response (FBR) 3 characterized by foreign body giant cell (FBGC) formation occasionally occurs following implantation of foreign materials (4) . FBGC formation emerging from implanted biomaterials is reportedly associated with biomaterial degradation and failure (5) (6) (7) ; thus, controlling FBGC formation is considered critical to prevent implant failure. Nonetheless, we have little understanding of mechanisms underlying the FBR or how FBGC differentiation is regulated.
FBGCs are formed by cell-cell fusion of mononuclear cells (8 -10) . Various molecules, such as dendritic cell-specific transmembrane protein (DC-STAMP), ATPv0d2, MFR, CD47, CD44, DAP12, and OC-STAMP reportedly function in macrophage fusion (9, (11) (12) (13) (14) (15) (16) (17) . Osteoclasts are also multinuclear giant cells derived from monocyte/macrophage lineage cells, and their multinucleation is also induced by fusion of mononuclear osteoclasts. Although both FBGC and osteoclast formation are induced by fusion of mononuclear cells in a DC-STAMP-dependent manner, regulation of FBGC and osteoclast differentiation likely differs. Indeed, we have previously reported that transcription of DC-STAMP is regulated differently in osteoclasts than it is in FBGCs (10) . Therefore, we hypothesize that FBGCs play a role in FBR different from osteoclasts.
Osteoclasts play a critical role in bone resorption, destruction, and osteolysis. In addition, inhibition of osteoclast differentiation and function is considered crucial to prevent bone loss and osteolysis-induced implant failure (18, 19) . However, strong osteoclast inhibition beyond levels required for physio-logical bone metabolism frequently causes adverse effects such as osteopetrosis, osteonecrosis, or severely suppressed bone turnover (20 -23) . Thus, specific inhibitors of pathologically activated osteoclast levels resulting from inflammation or infection have been sought.
Macrophages consist of two major subpopulations, M1 and M2 (24, 25) . M1 macrophages are activated by various stimuli, including bacterial or viral infections, and express inflammatory cytokines. In contrast, M2 macrophages function in parasitic infections, allergic responses, or wound healing (26) . Thus, M1/M2 polarization status is considered crucial for the development of various diseases (27) .
Interleukin-1 receptor-associated kinase-4 (IRAK4) is a member of the interleukin-1 receptor-associated kinase family of proteins composed of IRAK1-4. Interleukin-1 receptor-associated kinases transduce inflammatory cytokine and toll-like receptor signals and reportedly function in the activation of natural killer cells, antigen-presenting cells, and T cells (28 -31) . IRAK4 is reported to play a role in regulating both IL-1 and toll-like receptor signaling (28) .
Here, we report two critical findings that strongly suggest that implant failure due to bone loss likely results from activity of osteoclasts rather than FBGCs. First, we show that FBGCs, unlike osteoclasts, cannot resorb bone but rather express wound-healing and inflammation-terminating molecules, such as Ym1 and Alox15. Second, promotion of bone loss and inhibition of FBGC formation by LPS seen in wild-type mice were both completely abrogated in mice deficient in IRAK4. Furthermore, loss of IRAK4 in vitro and in vivo did not inhibit physiological osteoclastogenesis, and IRAK4-deficient mice exhibited normal bone mass. Overall, our findings show that FBGC and osteoclast differentiation are reciprocally regulated by IRAK4 and suggest that targeting IRAK4 could antagonize implant failure by promoting FBGC formation and blocking osteoclastogenesis.
EXPERIMENTAL PROCEDURES
Mice-IRAK4-deficient mice were provided by the Department of Medical Biophysics, Ontario Cancer Institute. Wildtype mice on a C57BL/6 background were purchased from Sankyo Lab (Tsuchiura, Japan). Animals were maintained under specific pathogen-free conditions in animal facilities certified by the animal care committee at the Keio University School of Medicine. Animal protocols were approved by the animal care committee at the Keio University School of Medicine.
Reagents-Macrophage colony-stimulating factor (M-CSF), GM-CSF, IL-4, and IL-1␤ were purchased from R&D Systems (Minneapolis, MN). Recombinant soluble receptor activator of nuclear factor -B ligand (RANKL) was purchased from Pepro-Tech Ltd. (Rocky Hill, NJ). LPS and zymosan were purchased from Sigma.
In Vitro Osteoclastogenesis Assay-Bone marrow cells were isolated from wild-type or IRAK4-deficient mice and cultured in ␣-modified Eagle's minimum essential medium (Sigma) containing 10% heat-inactivated FBS (JRH Biosciences, Lenexa, KS) and GlutaMAX (Invitrogen) supplemented with 50 ng/ml M-CSF for 3 days. M-CSF-dependent adherent cells were then harvested as osteoclast and FBGC common progenitors, and 5 ϫ 10 4 cells were plated in each well of 96-well culture plates. Cells were cultured with M-CSF (50 ng/ml) or M-CSF (50 ng/ml) plus RANKL (25 ng/ml) with or without IL-1␤ (10 ng/ml) for 2-6 days. Osteoclastogenesis was evaluated by tartrate-resistant acid phosphatase (TRAP) and May-Grünwald Giemsa staining (9, 32) . Multinuclear cells containing more than 3 or 10 nuclei were scored as osteoclasts. Total RNAs were isolated from osteoclasts using an RNeasy mini kit (Qiagen, Hilden, Germany).
For the pit formation assay, osteoclast progenitors were cultured on dentine slices in the presence of M-CSF plus RANKL for 10 -12 days (33) . Resorbing lacunae were visualized by toluidine blue staining, and the relative resorbing area was scored under a microscope (BZ-9000, Keyence Co., Tokyo, Japan).
For the osteoclast survival assay, wild-type or IRAK4-deficient osteoclasts induced in the presence of M-CSF plus RANKL with or without IL-1␤ were stained with TRAP at time 0 or were washed three times with PBS, then cultured in cytokine-free media for 3 more hours, and stained with TRAP. Multinuclear TRAP-positive cells were scored as surviving cells.
In Vitro Foreign Body Giant Cell Formation Assay-M-CSFdependent osteoclasts and FBGC common progenitor cells were harvested as above, and 5 ϫ 10 4 cells were plated in each well of 96-well culture plates. Cells were cultured in ␣-modified Eagle's minimum essential medium containing 10% FBS in the presence of GM-CSF (50 ng/ml) plus IL-4 (50 ng/ml) with or without the indicated concentrations of IL-1␤, LPS, or zymosan for 2-4 days. Cells were then stained with May-Grünwald Giemsa (10) and observed under a microscope (BZ-9000, Keyence Co., Tokyo, Japan). Multinuclear cells containing more than three nuclei were scored as FBGCs. Total RNAs were isolated from FBGCs using an RNeasy mini kit (Qiagen, Hilden, Germany).
Analysis of Bone Mineral Density (BMD)-Eight-week-old male wild-type or IRAK4-deficient mice were necropsied, and their hindlimbs were removed, fixed with 70% ethanol, and subjected to dual energy x-ray absorptiometric scan analysis to measure BMD (mg/cm 2 ), using a DCS-600R system (Aloka Co. Ltd, Tokyo, Japan).
Analysis of Skeletal Morphology-Eight-week-old female wild-type and IRAK4-deficient mice were administered intraperitoneal injections of 10 mg/kg calcein (Dojindo Co.) at 5 days and 1 day before sacrifice to evaluate bone formation rate. Left hindlimbs were removed and fixed with 70% ethanol, and undecalcified bones were embedded in glycol methacrylate. Sections of 3 m were cut longitudinally in the proximal region of the tibia and stained with toluidine blue O. Histomorphometric measurement was performed in stained sections from the secondary spongiosa area 1.05 mm from the growth plate and 0.4 mm from the end of metaphysis using OsteoMeasure software (OsteoMetrics, Inc. Decatur, GA).
Analysis of Osteolysis in the Murine Calvarium-Wild-type or IRAK4-deficient mice were anesthetized with ketamine. A region of skin overlying the skull was shaved, and 100 l of PBS containing LPS (50 mg/kg) was injected onto the periosteal surface of calvariae. Five days later, mice were euthanized, and calvariae were harvested for RNA isolation or a micro-com-puted tomography scan (R_mCT2; Rigaku Corp., Tokyo, Japan). Scanning was conducted at 90 kV and 160 A. A threedimensional region of interest was created at the level of the parietal bones. Osteoclast formation in calvariae was evaluated by TRAP staining or immunofluorescence staining for cathepsin K. For TRAP stain, the calvarial bone was fixed in 4% paraformaldehyde overnight at 4°C with gentle shaking. After washing with PBS, sections were stained with TRAP. For cathepsin K staining, calvariae were fixed in 10% neutral-buffered formalin, decalcified in 10% EDTA (pH 7.4), embedded in paraffin, and cut into 4-m sections. After microwave treatment for 10 min in 1 mM EDTA (pH 6.0) for antigen retrieval followed by blocking with 5% BSA/PBS for 60 min, sections were stained with anti-cathepsin K (Ctsk) (ab19027, 1:100 dilution; Abcam, Cambridge, UK) or ISO-type control antibody (3900, 1:100 dilution; Cell Signaling) overnight at 4°C. After washing in PBS, sections were stained with Alexa Fluor 488/ goat anti-rabbit IgG (1:200 dilution; Invitrogen) for 1 h at room temperature. DAPI (1:2000; Wako Pure Chemicals Industries, Osaka, Japan) served as a nuclear stain. A fluorescence microscope (Biorevo; Keyence, Osaka, Japan) was used to examine immunostained sections.
In Vivo FBGC Formation Assay-Wild-type or IRAK4-deficient mice were anesthetized with ketamine, and polyvinyl alcohol (PVA) sponges (10 ϫ 10 ϫ 0.5 mm) containing either PBS or LPS (25 mg/kg) were implanted into the intraperitoneal space, as described previously (17) . Six days later, sponges were harvested, and histological analyses were performed using hematoxylin and eosin (H&E) staining. Multinuclear cells that contained more than three nuclei and adhered to implants were scored as FBGCs. Total RNAs were isolated from sponges using TRIzol reagent (Invitrogen).
Real Time PCR Analysis-Total RNAs were isolated from macrophages, osteoclasts, FBGCs, calvaria or PVA sponges, and single-stranded complementary DNAs (cDNAs) were synthesized with reverse transcriptase (Clontech). Real time PCR was performed using SYBR Premix ExTaq II (Takara Bio Inc., Otsu, Shiga, Japan) with a DICE Thermal cycler (Takara Bio Inc.), according to the manufacturer's instructions. ␤-Actin or Gapdh expression served as internal controls for real time PCR. Primers for ␤-actin, Ctsk, and DC-stamp were described previously (34) . Other primer sequences were as follows: TNF-␣forward, 5Ј-AAGCCTGTAGCCCACGTCGTA-3Ј, and TNF-␣-reverse, 5Ј-GGCACCACTAGTTGGTTGTCTTTG-3Ј; Ym1-forward, 5Ј-TTTGATGGCCTCAACCTGGA-3Ј, and Ym1-reverse, 5Ј-AGTGAGTAGCAGCCTTGGAATGTC-3Ј; Alox15-forward, 5Ј-TGAAGCGGTCTACTTGTCTCCCTG-3Ј, and Alox15-reverse, 5Ј-AAGGAAGAAATCCGCTTCAA-ACAG-3Ј; Trap-forward, 5Ј-TTGCGACCATTGTTAGCCA-CATA-3Ј, and Trap-reverse, 5Ј-TCAGATCCATAGTGAAA-CCGCAAG-3Ј; Gapdh-forward, 5Ј-AGCCTCGTCCCGTAG-ACAAAAT-3Ј, and Gapdh-reverse, 5Ј-ATGGCAACAATCT-CCACTTTGC-3Ј; Fizz1-forward, 5Ј-GACTATGAACAGAT-GGGCCTCCT-3Ј, and Fizz1-reverse, 5Ј-GTCAACGAGTAA-GCACAGGCAGT-3Ј; CD206-forward, 5Ј-ACCTGGCAAGT-ATCCACAGCATT-3Ј, and CD206-reverse, 5Ј-AATGTCAC-TGGGGTTCCATCACT-3Ј; ariginase1-forward, 5Ј-TTAGA-GATTATCGGAGCGCCTTTC-3Ј, and ariginase1-reverse, 5Ј-CCGTGGTCTCTCACGTCATACTCT-3Ј; Rankl-forward, 5Ј-CAATGGCTGGCTTGGTTTCATAG-3Ј, and Rankl- 
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reverse, 5Ј-CTGAACCAGACATGACAGCAGCTGGA-3Ј; IL-12-forward, 5Ј-ACCTGCTGAAGACCACAGATGAC-3Ј, and IL-12-reverse, 5Ј-GTCTTCAATGTGCTGGTTTGGTC-3Ј; Nos2-forward, 5Ј-AGAAAACCCCTTGTGCTGTTCTC-3Ј, and Nos2-reverse, 5Ј-CAGGGATTCTGGAACATTCTGTG-3Ј.
Western Blot Analysis-Whole cell lysates were prepared from bone marrow cultures using RIPA buffer (1% Tween 20, 0.1% SDS, 150 mM NaCl, 10 mM Tris-HCl (pH 7.4), 0.25 mM phenylmethylsulfonyl fluoride, 10 g/ml aprotinin, 10 g/ml leupeptin, 1 mM Na 3 VO 4 , 5 mM NaF (Sigma)). Cell lysates were collected after 10 min of centrifugation at 15,000 rpm at 4°C. Equivalent amounts of protein were separated by SDS-PAGE and transferred to a PVDF membrane (Millipore Corp.). Proteins were detected using the following antibodies: anti-Ym1 (ab93034, Abcam); anti-Alox15 (ab80221, Abcam); anti-phospho-p38 MAPK (9211, Cell Signaling); anti-p38 MAPK (9212, Cell Signaling); anti-phospho-p44/42 MAPK (9106, Cell Signaling); anti-p44/42 MAPK (9102, Cell Signaling); anti-phospho-SAPK/JNK (9255, Cell Signaling); anti-SAPK/JNK (9252, Cell Signaling); anti-actin (A2066, Sigma); and isotype control (ab171870, Abcam). Bands were quantified as described (35) .
Statistical Analyses-Statistical analyses were performed using the unpaired two-tailed Student's t test (*, p Ͻ 0.05; **, p Ͻ 0.01; ***, p Ͻ 0.001; NS, not significant, throughout the paper). All data are expressed as the mean Ϯ S.D.
RESULTS
FBGCs Fail to Resorb Bone-Osteoclasts and FBGCs differentiate from common myeloid lineage precursor cells, and both form multinuclear cells by fusion (9, 17) . However, we found that FBGCs were negative for TRAP, an osteoclast marker ( Fig.  1A) . We also found that normalized to Gapdh or ␤-actin, Trap mRNA expression was significantly lower in FBGCs than in osteoclasts ( Fig. 1B and data not shown), as described recently (36) . Thus, to assess FBGC function in bone loss, we analyzed FBGC bone resorption activity using a pit formation assay (Fig.  1C ). Osteoclast and FBGC common progenitor cells were cultured on dentine slices in the presence of M-CSF and RANKL to promote an osteoclast fate or GM-CSF plus IL-4 to produce FBGCs. Samples were then stained with toluidine blue to visualize resorbing pits on slices, and the resorbing area was quantified. FBGCs completely failed to resorb bone (Fig. 1C) .
Inflammatory Cytokine, IL-1␤, and Infection Mimetics, LPS or Zymosan, Inhibit FBGC Formation in Vitro-Because device failure is frequently associated with inflammation and infection (2, 3, 37) , we asked whether FBGC differentiation is stimulated by inflammatory cytokines or infections. To do so, we treated FBGCs grown in culture with the inflammatory cytokine IL-1␤, which is reportedly expressed at the FBR site (38) , or with components of the bacterial or yeast cell wall, LPS, or zymosan, respectively (Fig. 2) . Interestingly, multinuclear FBGC formation was significantly inhibited in the presence of IL-1␤ dosedependently (Fig. 2, A and B) . Expression of DC-STAMP, a factor essential for cell-cell fusion of either osteoclasts or FBGCs (9) , was also significantly inhibited in FBGCs treated with IL-1␤ (Fig.  2C ). Multinuclear FBGC formation and FBGC DC-STAMP expression were also significantly inhibited by LPS or zymosan, dose-dependently (Fig. 2, D-F) . These findings strongly suggest that FBGC formation is inhibited under inflammatory or infectious conditions.
To further assess FBGC function in the FBR, we analyzed expression of chitinase-like 3 (Ym1) and arachidonate 15-lipoxygenase (Alox15) in FBGCs, macrophages, and osteoclasts by real time PCR (Fig. 3A) . Ym1 is a known M2 macrophage marker, and ALOX15 encodes an enzyme functioning in wound healing and termination of inflammation (39 -43) . Interestingly, expression levels of both transcripts in FBGCs were significantly higher than those in macrophages and osteoclasts. Similarly, relative to Gapdh or ␤-actin, transcript levels of other M2 macrophage markers such as Fizz1, CD206, and ariginase1 were significantly higher in FBGCs than in osteoclasts ( Fig. 3A and data not shown). Western blot analysis also indicated high expression of Ym1 and Alox15 proteins in FBGCs relative to osteoclasts; ISO-type control antibody showed no bands the 
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size of Ym1 and Alox15 proteins ( Fig. 3B and data not shown). By contrast, osteoclastogenesis shown by multinuclear TRAPpositive cell formation and cathepsin K expression was significantly stimulated by IL-1␤ ( Fig. 3, C-E) . Overall, these results suggest that FBGCs function in wound healing and FBR termination and that FBGCs and osteoclasts are reciprocally regulated.
IRAK4 Is a Reciprocal Switch for FBGC and Osteoclast Differentiation-We next asked what factor(s) might stimulate FBGCs while inhibiting excessive osteoclastogenesis. Although inflammatory cytokine or LPS stimulation activates various downstream factors (44, 45) , we focused on IRAK4, because it is reportedly critical for both IL-1 and toll-like receptor signaling (28) . To assess IRAK4 function, we isolated FBGCs and osteoclast common progenitor cells from IRAK4-deficient or wildtype mice and cultured them in the presence of M-CSF plus RANKL (Fig. 4) . Multinuclear TRAP-positive osteoclast formation and cathepsin K (Ctsk) expression did not differ between IRAK4-deficient and wild-type cells in vitro (Fig. 4, A-C) . Bone-resorbing activity, as determined by a pit formation assay, was comparable in IRAK4-deficient and wild-type osteoclasts in vitro (Fig. 4D) . BMD, as analyzed by a dual energy x-ray absorptiometric scan, was also equivalent between IRAK4-deficient and wild-type mice in vivo (Fig. 4E ). Furthermore, bone morphometric analysis and toluidine blue O staining of tibial bones in knock-out and wild-type mice indicated that IRAK4 loss did not alter osteoclastic and osteoblastic parameters such as eroded surface/bone surface (BS), number of osteoclasts per bone perimeter, Oc surface/BS, osteoblast surface/BS, mineral apposition rate, or bone formation rate/BS in vivo (Fig. 4F ). Thus, we conclude that IRAK4 does not regulate physiological osteoclast differentiation or bone mass.
By contrast, we found that increased osteoclastogenesis and osteolysis induced by IL-1␤ in wild-type cells was significantly inhibited in IRAK4-deficient cells in vitro (Fig. 5, A-D) . IL-1␤ promoted osteoclast survival in wild-type but not in IRAK4deficient osteoclasts in vitro (Fig. 5E ). Osteoclastogenesis activated by IL-1␤ is considered a phenotypic indicator of M1 polarization. Accordingly, we observed significantly up-regulated expression of M1 markers such as TNF␣, IL-12, and nitric oxide synthase 2 (Nos2) in wild-type osteoclasts (Fig. 5F) , an activity blocked in IRAK4-deficient osteoclasts (Fig. 5F ), suggesting that M1 polarization in osteoclasts promoted by IL-1␤ treatment is IRAK4-dependent. MAPK activation is known to promote osteoclast formation and survival. We found that, although p38 and ERK activation was unchanged (data not shown), JNK was activated by IL-1␤ in wild-type cells but not in IRAK4-deficient cells in vitro (Fig. 5G) . These results suggest that IRAK4 transduces activating signals underlying osteoclast formation and survival through JNK activation.
In vivo, we found that calvarial osteolysis induced by LPS administration in wild-type mice was abrogated in IRAK4-deficient mice (Fig. 6A ). Increased TRAP-or cathepsin K-positive osteoclast formation and cellular migration into calvarial bones . Actin protein expression served as an internal control. Relative Ym1 or Alox15 protein levels determined by immunoblot were quantified by densitometry and are shown as values relative to levels in FBGCs (GI). Representative data of at least three independent experiments are shown. C and D, osteoclast and FBGC common progenitor cells were cultured in the presence of M-CSF plus RANKL with or without IL-1␤ (10 ng/ml) for 5 days and then subjected to May-Grünwald Giemsa and TRAP staining (bar, 100 m) (C). The number of multinuclear osteoclasts containing more than three nuclei was then scored (**, p Ͻ 0.01, n ϭ 3) (D). E, total RNAs were prepared from osteoclasts treated with or without IL-1␤ (10 ng/ml) for 3 days, and Ctsk expression relative to Gapdh was analyzed by quantitative real time PCR. Data represent means Ϯ S.D, of Ctsk/Gapdh levels (*, p Ͻ 0.05; n ϭ 3). Representative data from at least three independent experiments are shown.
induced by LPS in wild-type mice were absent in IRAK4-deficient mice in vivo (Fig. 6, B-D) . Because cathepsin K expression is significantly higher in osteoclasts than in osteoblasts (data not shown), we conclude that LPS-stimulated cathepsin K expression in wild-type calvarial bones is due to activated osteoclast formation. Receptor activator of nuclear factor B ligand JANUARY 9, 2015 • VOLUME 290 • NUMBER 2 JOURNAL OF BIOLOGICAL CHEMISTRY 721 (Rankl), a cytokine essential for osteoclastogenesis, is reportedly induced by LPS (46) . In our model, Rankl expression was induced to similar levels by LPS in both wild-type and IRAK4deficient mice in vivo (Fig. 6D) .
FBGC formation in IRAK4-deficient cells not treated with exogenous factors was significantly elevated compared with wild-type cells, and inhibition of FBGC formation by IL-1␤, LPS, or zymosan was significantly rescued in IRAK4-deficient cells in vitro (Fig. 7, A and B) . Although DC-STAMP expression was significantly inhibited in IRAK4-deficient cells by IL-1␤ treatment, that inhibition was less significant in IRAK4-deficient compared with wild-type cells (Fig. 7C) .
Finally, we asked whether blocking IRAK4 regulates the FBR in vivo. To do so, we implanted PVA sponges either with or without LPS into the peritoneal cavity of IRAK4-deficient or wild-type mice to represent foreign bodies, and we then analyzed FBGC formation in sponges and expression of woundhealing factors in cells infiltrating those bodies by real time PCR (Fig. 8 ). FBGCs formed in sponges lacking LPS in both knockout and wild-type mice, but FBGC formation was more robust in IRAK4-deficient mice (Fig. 8A) . Also, in the absence of LPS, expression of TNF␣, an inflammatory cytokine and an M1 macrophage marker, was significantly lower IRAK4-deficient relative to wild-type mice, whereas expression of Ym1 and Fizz1, both M2 markers, was significantly higher (Fig. 8B) , suggesting that cells infiltrating sponges in IRAK4-deficient mice were significantly M2-polarized compared with those in wildtype mice. Furthermore, in wild-type mice FBGC formation was inhibited by inclusion of LPS in the sponge, but that activity was blocked in IRAK4-deficient mice (Fig. 8A) . Also in the presence of LPS, TNF␣ expression was significantly lower in IRAK4-deficient compared with wild-type mice (Fig. 8B) . In contrast, Ym1, Alox15, Fizz1, CD206, and arginase1 expression was significantly higher in cells from sponges implanted in IRAK4-deficient compared with wild-type mice in the presence of LPS in vivo (Fig. 8B) . Differences in expression of mRNAs encoding M2 markers, such as Fizz1, CD206, and arginase1, seen following LPS treatment of wild-type mice, were less apparent in IRAK4-deficient mice (Fig. 8B) . Taken together, these results suggest that IRAK4 functions as a differentiation switch in reciprocal regulation of FBGCs and osteoclasts ( Fig. 8C ).
DISCUSSION
Failure of biomedical implants severely limits activities of daily living and increases health care expenses. Biomaterial implant into tissues promotes FBR development, a condition associated with implant failure (2, 3, 37) . The FBR develops in response to implantation of almost all biomaterials; this can occur throughout the body and is detrimental to device function (47, 48) . Thus, controlling FBR is crucial to protect implants from failures and for human lives. We show that FBGCs do not resorb bones, but rather they express wound healing and inflammation-terminating molecules. Our study also demonstrates that targeting IRAK4 could inhibit elevation of pathologically activated osteoclasts and enable normal FBGC formation, thereby preventing osteolysis (Fig. 8C ).
Some investigators have concluded that repressing FBGCs may prevent implant failure in part because FBGCs express enzymes such as MMP9, which can degrade biomaterials or FIGURE 5 . IRAK4 transduces an osteoclast-activating signal by IL-1␤. A-D, osteoclast and FBGC common progenitor cells were isolated from wild-type or IRAK4-deficient mice and cultured in the presence of M-CSF plus RANKL with or without IL-1␤ (10 ng/ml) for 4 days. Cells were then stained with TRAP (bar, 100 m) (A), and the number of multinuclear osteoclasts containing more than 10 nuclei was scored (**, p Ͻ 0.01; NS, not significant; n ϭ 3) (B). A bone resorption assay on dentine slices was visualized by toluidine blue staining (C) (bar, 100 m), and the relative resorbed area was quantified (**, p Ͻ 0.01; NS, not significant, n ϭ 3) (D). E, osteoclasts formed in wild-type and IRAK4-deficient cells in the presence of M-CSF plus RANKL with or without IL-1␤ (10 ng/ml). Cells were then stained with TRAP at time 0, or cultured without cytokines for 3 h and then stained with TRAP. The number of surviving cells was scored at time 0 and 3 h. Osteoclast survival rate is represented as the percentage of living osteoclasts present after 3 h of incubation relative to the number at time zero. Data represent mean number of surviving cells Ϯ S.D. (*, p Ͻ 0.05; NS, not significant; n ϭ 3). F, total RNAs were prepared from wild-type or IRAK4-deficient osteoclasts treated with or without IL-1␤ (10 ng/ml) for 2 days, and TNF␣, IL-12 or Nos2 expression relative to Gapdh was analyzed by quantitative real time PCR. Data represent means Ϯ S.D. of TNF␣, IL-12, or Nos2 relative to Gapdh (*, p Ͻ 0.05; **, p Ͻ 0.01, n ϭ 3). G, osteoclast and FBGC common progenitor cells were isolated from wild-type or IRAK4-deficient mice, starved in serum-free media for 2 h, and stimulated with or without IL-1␤ (10 ng/ml) for 10 min. JNK activation was then analyzed by Western blot. Representative data of at least three independent experiments are shown. tissues (7) . Interestingly, however, MMP9 also reportedly functions in tissue or extracellular matrix protein remodeling (49, 50) . Khan et al. (36) reported a lower expression of MMP9 and Trap in FBGCs than in osteoclasts and that FBGCs did not degrade gelatin. We also found that FBGCs expressed significantly lower Trap levels than did osteoclasts and failed to resorb bone. Instead, FBGCs expressed factors characteristic of M2 macrophages such as Ym1 and Alox15 (27) .
A caveat of our study is that we did not assess implanted bones or evaluate the relationship of osteoclast and FBGC formation in implanted materials in bones. Thus, further studies are needed to examine IRAK4 function in the FBR in those contexts. Furthermore, M1/M2 polarization is considered microenvironment-dependent, and although FBGCs express wound-healing factors, it remains to be tested whether FBGCs themselves would have beneficial effects on implant device longevity.
A balance in M1 and M2 macrophage polarization likewise determines the balance between inflammation and anti-inflammatory/wound healing status. Recently, studies of tissues harvested from revised joint replacements reported that proinflammatory M1 factors were predominant over M2 anti-inflammatory molecules (51) (52) (53) (54) . Moreover, Rao et al. (55) reported that IL-4, an M2 macrophage activator, mitigated polyethylene particle-induced osteolysis through macrophage polarization. Our data indicate that osteoclasts excessively activated by pro-inflammatory cytokines or TLR ligands such as IL-1␤ and LPS are phenotypically M1 macrophages and are required for osteolysis. By contrast, activity of FBGCs, which are considered M2 macrophages and are induced by IL-4, could terminate the FBR and prevent osteolysis.
A major finding of this study is that FBGC and osteoclast differentiation is reciprocally regulated. IRAK4 is a key molecule required for M1/M2 polarization. Antagonizing FIGURE 6. IRAK4 is a specific target for pathological osteolysis. A-D, PBS or LPS (50 mg/kg) was administered subcutaneously to the skull of wild-type or IRAK4-deficient mice. Five days later, osteolysis in calvariae was evaluated by micro-computed tomography (A), and osteoclast formation in calvariae was examined by TRAP staining (B) and immunohistochemical staining for cathepsin K or ISO-type control antibody (C) (bar, 100 m; n ϭ 3-5). Expression of Trap, Ctsk, and Rankl was also analyzed by real time PCR (D). Data represent means Ϯ S.D. of Trap/Gapdh, Ctsk/Gapdh, or Rankl/Gapdh levels (*, p Ͻ 0.05; **, p Ͻ 0.01; NS, not significant; n ϭ 4 -11).
IRAK4 activity could potentially stimulate FBGC formation and inhibit osteoclastogenesis under inflammatory conditions. A recent report shows that LPS induces multinuclear cell formation by Raw264.7 pre-osteoclastic macrophage cells in vitro (46) . Although M2 marker expression was not addressed in that study, TNF␣ expression was induced in FIGURE 7 . Loss of IRAK4 rescues FBGC formation inhibited by IL-1␤, LPS, or zymosan. A and B, osteoclast and FBGC common progenitor cells were isolated from wild-type or IRAK4-deficient mice and cultured as FBGCs in the presence of GM-CSF plus IL-4 with or without IL-1␤ (2 ng/ml), LPS (0.2 ng/ml), or zymosan (100 ng/ml). Cells were stained with May-Grünwald Giemsa (bar, 100 m) (A), and the number of multinuclear FBGCs containing more than three nuclei was scored (B). (***, p Ͻ 0.001; n ϭ 3.) C, total RNAs were prepared from FBGCs treated with (ϩ) or without (Ϫ) IL-1␤, and DC-STAMP expression relative to ␤-actin was analyzed by quantitative real time PCR. Data represent means Ϯ S.D. of DC-STAMP/␤-actin levels (***, p Ͻ 0.001, n ϭ 3). Representative data of at least three independent experiments are shown. FIGURE 8. IRAK4 is a potential therapeutic target regulating the FBR in vivo. A and B, foreign bodies (PVA sponges soaked with PBS or LPS (25 mg/kg)) were implanted into peritoneal spaces in wild-type or IRAK4-deficient mice. After 6 days, foreign bodies were dissected, and tissue sections were stained with H&E (A) (bar, 100 m). Alternatively, total RNAs were prepared from cells contained in foreign bodies and TNF␣, Ym1, Fizz1, CD206; and arginase1 expression relative to ␤-actin was analyzed by quantitative real time PCR (B, left panels). Data represent means Ϯ S.D. of TNF␣/␤-actin, Ym1/␤-actin, Fizz1/␤-actin, CD206/␤-actin, or arginase1/␤-actin levels (*, p Ͻ 0.05; **, p Ͻ 0.01; NS, not significant; n ϭ 5-12) (B, right panel). Fold changes in mRNA expression between LPS-induced versus PBS-treated samples, shown as LPS/PBS. Representative data of at least three independent experiments are shown. C, schematic model of FBGC and osteoclast formation regulated by IRAK4 under inflammatory or infectious conditions. FBGC or osteoclast formation is induced in the presence of GM-CSF plus IL-4 or M-CSF plus RANKL, respectively, from common progenitor cells. Both FBGCs and osteoclasts form multinuclear cells by fusion of mononuclear cells. Inflammation or infection activates IRAK4 and inhibits FBGC formation while stimulating osteoclastogenesis, an event underlying implant failure. Multinucleation of FBGCs likely elevates wound healing efficiency, although osteoclasts mediate bone-resorbing activity. those multinuclear cells, suggesting that LPS likely promotes their M1 polarization.
Severe inhibition of osteoclast activity beyond physiological levels by osteoclast-inhibiting agents such as bisphosphonate frequently promotes osteonecrosis of the jaws and severely suppressed bone turnover (21-23, 56, 57) . The inability of bone to heal microcracks due to low bone turnover is considered a cause of atypical fracture (58) . However, our findings demonstrate that IRAK4 loss did not alter physiological osteoclast differentiation/function required for bone turnover but rather inhibited pathologically activated osteoclasts. Taken together, IRAK4 could serve as a therapeutic target to antagonize inflammatory osteolysis and implant failure without adversely affecting physiological bone metabolism.
